Four compounds are reported, all of which lie along a versatile reaction pathway which leads from simple carbonyl compounds to terphenyls. (2E)-1-(2,4-Dichlorophenyl)-3-[4-(prop-1-en-2-yl)phenyl]prop-2-en-1-one, C 18 H 14 Cl 2 O, (I), prepared from 4-(prop-1-en-2-yl)benzaldehyde and 2,4-dichloroacetophenone, exhibits disorder over two sets of atomic sites having occupancies of 0.664 (6) and 0.336 (6). The related chalcone (2E)-3-(4-chlorophenyl)-1-(4-fluorophenyl)-prop-2-en-1-one reacts with acetone to produce (5RS)-3-(4-chlorophenyl)-5-[4-(propan-2-yl)phenyl]cyclohex-2-en-1-one, C 21 H 21 ClO, (II), which exhibits enantiomeric disorder with occupancies at the reference site of 0.662 (4) and 0.338 (4) for the (5R) and (5S) forms; the same chalcone reacts with methyl 3-oxobutanoate to give methyl (1RS,6SR)-4-(4-chlorophenyl)-6-[4-(propan-2-yl)phenyl]-2-oxocyclohex-3-ene-1-carboxylate, C 23 H 23 ClO 3 , (III), where the reference site contains both (1R,6S) and (1S,6R) forms with occupancies of 0.923 (3) and 0.077 (3), respectively. Oxidation, using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, of ethyl (1RS,6SR)-6-(4-bromophenyl)-4-(4-fluorophenyl)-2-oxocyclohex-3-ene-1-carboxylate, prepared in a similar manner to (II) and (III), produces ethyl 4 00 -bromo-4-fluoro-5 0 -hydroxy-1,1 0 :3 0 ,1 00 -terphenyl-4 0 -carboxylate, C 21 H 16 BrFO 3 , (IV), which crystallizes with Z 0 = 2 in the space group P1. There are no significant intermolecular interactions in the structures of compounds (I) and (II), but for the major disorder component of compound (III), the molecules are linked into sheets by a combination of C-HÁ Á ÁO and C-HÁ Á Á(arene) hydrogen bonds. The two independent molecules of compound (IV) form two different centrosymmetric dimers, one built from inversion-related pairs of C-HÁ Á ÁO hydrogen bonds and the other from inversion-related pairs of C-HÁ Á Á(arene) hydrogen bonds. Comparisons are made with related compounds.
Four compounds are reported, all of which lie along a versatile reaction pathway which leads from simple carbonyl compounds to terphenyls. (2E)-1-(2,4-Dichlorophenyl)-3-[4-(prop-1-en-2-yl)phenyl]prop-2-en-1-one, C 18 H 14 Cl 2 O, (I), prepared from 4-(prop-1-en-2-yl)benzaldehyde and 2,4-dichloroacetophenone, exhibits disorder over two sets of atomic sites having occupancies of 0.664 (6) and 0.336 (6). The related chalcone (2E)-3-(4-chlorophenyl)-1-(4-fluorophenyl)-prop-2-en-1-one reacts with acetone to produce (5RS)-3-(4-chlorophenyl)-5-[4-(propan-2-yl)phenyl]cyclohex-2-en-1-one, C 21 H 21 ClO, (II), which exhibits enantiomeric disorder with occupancies at the reference site of 0.662 (4) and 0.338 (4) for the (5R) and (5S) forms; the same chalcone reacts with methyl 3-oxobutanoate to give methyl (1RS,6SR)-4-(4-chlorophenyl)-6-[4-(propan-2-yl)phenyl]-2-oxocyclohex-3-ene-1-carboxylate, C 23 H 23 ClO 3 , (III), where the reference site contains both (1R,6S) and (1S,6R) forms with occupancies of 0.923 (3) and 0.077 (3), respectively. Oxidation, using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, of ethyl (1RS,6SR)-6-(4-bromophenyl)-4-(4-fluorophenyl)-2-oxocyclohex-3-ene-1-carboxylate, prepared in a similar manner to (II) and (III), produces ethyl 4 00 -bromo-4-fluoro-5 0 -hydroxy-1,1 0 :3 0 ,1 00 -terphenyl-4 0 -carboxylate, C 21 H 16 BrFO 3 , (IV), which crystallizes with Z 0 = 2 in the space group P1. There are no significant intermolecular interactions in the structures of compounds (I) and (II), but for the major disorder component of compound (III), the molecules are linked into sheets by a combination of C-HÁ Á ÁO and C-HÁ Á Á(arene) hydrogen bonds. The two independent molecules of compound (IV) form two different centrosymmetric dimers, one built from inversion-related pairs of C-HÁ Á ÁO hydrogen bonds and the other from inversion-related pairs of C-HÁ Á Á(arene) hydrogen bonds. Comparisons are made with related compounds.
Introduction
Terphenyls exhibit a wide range of biological activity (Liu, 2007) , including anticoagulant and antithrombotic activity, as well as cytotoxic and neuroprotective activity, and they also act as potent immunosuppresants. A convenient and versatile synthesis of 1,1 0 :3 0 ,1 00 -terphenyls has now been developed based on 1,3-diarylprop-2-en-1-ones (chalcones) of type (A) (see Scheme 1) as the key intermediate. Compounds of type (A) are readily synthesized by base-catalysed condensation of acyl arenes with aryl aldehydes, and they react with com- ISSN 2053 ISSN -2296 # 2015 International Union of Crystallography pounds containing activated methylene groups in a two-step process involving both Michael addition and a condensation reaction to form substituted cyclohexenones of type (B) (Scheme 1). Application of a two-electron oxidant to compounds of type (B) leads to the loss of two H atoms from the central ring, and the subsequent aromatization of this ring generates a substituted terphenyl of type (C). This sequence thus represents a simple route to these terphenyls, based on straightforward reaction chemistry using only simple precursor compounds, and it permits the development of considerable structural diversity involving the various substituents. The general value of this reaction sequence is enhanced by the applicability of the cyclohexenone intermediates (B) as building blocks for the synthesis of a wide range of heterocyclic systems (Padmavathi et al., 2001; Sridharan et al., 2005; Chandrika et al., 2008; Sapnakumari et al., 2014) , as well as by their antibacterial, antifungal and antiinflammatory actions (Tanaka et al., 1997; Hiromichi et al., 2002; Abdel-Latif et al., 2014) . We report here the synthesis and the molecular and supramolecular structures of representative examples of each of compound types (A), (B) 00 -bromo-4-fluoro-5 0 -hydroxy-1,1 0 :3 0 ,1 00 -terphenyl-4 0 -carboxylate, (IV), as an example of the type (C) product. Thus, compound (I) was prepared using the condensation reaction between 4-(prop-1-en-2-yl)benzaldehyde and 2,4-dichloroacetophenone, compounds (II) and (III) were prepared using the cycloaddition reactions of (2E)-3-(4-chlorophenyl)-1-(4-fluorophenyl)prop-2-en-1-one with acetone and methyl 3-oxobutanoate, respectively, and compound (IV) was prepared by the oxidation of ethyl 6-(4-bromophenyl)-4-(4-fluorophenyl)-2-oxocyclohex-3-ene-1-carboxylate using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
Experimental

Synthesis and crystallization
For the synthesis of compound (I), aqueous sodium hydroxide solution (10% w/v, 15 ml) was added to a mixture of 4-(prop-1-en-2-yl)benzaldehyde (0.01 mol) and 2,4-dichloroacetophenone (0.01 mol), and the mixture was stirred at 275 K for 3 h. The resulting product, (I), was collected by filtration and recrystallized from ethanol (m.p. 341-343 K). Crystals suitable for single-crystal X-ray diffraction were grown by slow evaporation, at ambient temperature and in the presence of air, of a solution in N,N-dimethylformamide.
For the synthesis of compound (II), a mixture of (2E)-3-(4-chlorophenyl)-1-(4-fluorophenyl)prop-2-en-1-one (0.01 mol), prepared in a manner analogous to the foregoing, acetone (0.01 mol) and dry ethanol (25 ml) was heated under reflux for 8 h in the presence of a catalytic quantity of sodium hydroxide. The reaction mixture was cooled to ambient temperature and the resulting product, (II), was collected by filtration. Crystals suitable for single-crystal X-ray diffraction were grown by slow evaporation, at ambient temperature and in the presence of air, of a solution in methanol (m.p. 389-391 K).
Crystals of compound (III) were prepared in a manner similar to those for (II), but using methyl 3-oxobutanoate (0.01 mol) in place of acetone (m.p. 431-433 K) .
For the synthesis of compound (IV), a mixture of ethyl 6-(4-bromophenyl)-4-(4-fluorophenyl)-2-oxocyclohex-3-ene-1-carboxylate (0.01 mol), prepared as described previously (Kant et al., 2012) , and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (0.02 mol) in ethyl 3-oxobutanoate (25 ml) was heated under reflux for 14 h. The reaction mixture was cooled to ambient temperature and exhaustively extracted with diethyl ether; the combined extracts were then washed with dilute aqueous and sodium hydrogen carbonate solution, and dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure and the resulting product, (IV), was crystallized by slow evaporation, at ambient temperature and in the presence of air, of a solution in ethanol (m.p. 363-365 K).
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . The H atoms in compound (IV) and those in the major disorder components of compounds (I)-(III) were all located in difference maps. H atoms bonded to C atoms in these components were then treated as riding atoms, with C-H = 0.93 (aromatic and alkenyl), 0.96 (CH 3 ), 0.97 (CH 2 ) or 0.98 Å (aliphatic CH), and with U iso (H) = kU eq (C), where k = 1.5 for the methyl groups and 1.2 for all other H atoms bonded to C atoms. For the minor disorder components in compounds (I)-(III), the H atoms were included in calculated positions on exactly the same basis as for the major components. In the final refinements for compounds (I)-(III), the methyl groups were not permitted to rotate; when such rotation was permitted, these methyl groups underwent continuous libration, possibly as a result of the presence of two disorder components having similar atomic coordinates, such that the refinements attempted under these conditions did not converge. For the H atoms bonded to O atoms in compound (IV), the atomic coordinates were refined, with U iso (H) = 1.5U eq (O), giving O-H distances of 0.85 (5) Å in molecule 1 and 0.85 (4) Å in molecule 2. It was apparent from an early stage in the refinement of compound (I) that the molecule was disordered over two sets of atomic sites having unequal occupancies. For the minor component, the bonded distances and the one-angle nonbonded distances were restrained to be identical to the corresponding distances in the major components, subject to experimental uncertainties of 0.005 and 0.01 Å , respectively; in addition, the anisotropic displacement parameters of pairs of corresponding atoms occupying essentially the same regions of physical space were constrained to be identical. On this basis, the occupancies of the two disorder components refined to 0.664 (6) and 0.336 (6). Compounds (II) and (III) likewise exhibit whole-molecule disorder but in these two cases the disorder does not merely involve a minor translation between the two components, but now the disorder is enantiomeric disorder. Thus, in compound (II), the major disorder component at the reference site has the (5R) configuration and the minor component has the (5S) configuration; in compound (III), the major disorder component has the (1R,6S) configuration and the minor component has the (1S,6R) configuration. For each of (II) and (III), the disorder was handled in essentially the same way as for compound (I), giving site occupancies of 0.662 (4) and 0.338 (4) in (II), and 0.923 (3) and 0.077 (3) in (III). Compound (IV) crystallizes with Z 0 = 2, but a search for possible additional crystallographic symmetry found none. For compound (II), a rather high value of K was found in the analysis of variance for the group of very weak reflections having F c /F c (max) in the range 0 < F c /F c (max) < 0.004. As there appeared to be no experimental justification for the removal of these weak reflections from the data set, they were retained.
Results and discussion
Compound (I) (Fig. 1 ) exhibits disorder over two sets of atomic sites with occupancies of 0.664 (6) and 0.336 (6), but the molecular conformations of the two disorder components are very similar ( Fig. 1 ) and we comment in detail only on that of the major component. The central spacer unit of the major component, between atoms C111 and C131, is effectively planar, as indicated by the relevant torsion angles (Table 2) ; the maximum deviation from the plane through these five C atoms is only 0.041 (14) Å for atom C131, with an r.m.s. deviation of 0.038 Å . In addition, the nonchlorinated aryl ring (C131-C116) is nearly coplanar with the spacer unit, making with it a dihedral angle of only 3 (2)
. On the other hand, the chlorinated aryl ring (C111-C136) makes a dihedral angle of 48.6 (16) with the spacer unit, possibly influenced by the contact between atoms H12 and Cl12. The dihedral angle between the isopropenyl group containing atom C137 and the adjacent aryl ring is 83.8 (11) . The molecules of compound (I) thus exhibit no internal symmetry and so are chiral, although, in principal at least, all of the non-H atoms could lie on a mirror plane; the centrosymmetric space group accommodates equal numbers of the two conformational enantiomers.
The molecule of compound (II) (Fig. 2) contains a stereogenic centre at position 5 of the cyclohexenone ring and the reference molecule was selected as one having the R configuration at this site; the centrosymmetric space group confirms that the compound crystallizes as a racemic mixture of the (5R) and (5S) forms. However, the compound exhibits enantiomeric disorder such that, when averaged over the crystal selected for data collection, the reference site contains a fraction of 0.662 (4) of molecules having the (5R) configuration and a fraction of 0.338 (4) of molecules having the (5S) configuration (Fig. 2) . For the major component, the ringresearch papers Computer programs: APEX2 (Bruker, 2007) , SAINT (Bruker, 2007) , SHELXS97 (Sheldrick, 2008) , SHELXL2014 (Sheldrick, 2015) and PLATON (Spek, 2009 ).
Figure 2
The molecular structure of compound (II), showing the atom-labelling scheme and the enantiomeric disorder, where the (5R) and (5S) disorder components have occupancies of 0.662 (4) (solid bonds) and 0.338 (4) (broken bonds). Displacement ellipsoids are drawn at the 30% probability level.
Table 2
Selected torsion angles ( ) for (I).
puckering parameters (Cremer & Pople, 1975) calculated for the atom sequence C11-C12-C13-C14-C15-C16 are Q = 0.494 (11) Å , = 125 (2) and ' = 76 (3) , indicating an approximate envelope conformation, for which the idealized values for the ring-puckering angles are = 54.7
and ' = 60k , where k represents an integer (Boeyens, 1978) ; the fold of the envelope is across the C14Á Á ÁC16 line. The corresponding ringpuckering parameters for the minor component, calculated for the atom sequence C21-C22-C23-C24-C25-C26, are Q = 0.49 (2) Å , = 57 (5) and ' = 258 (5) , where the values of the puckering angles confirm the change of enantiomorph.
There are two stereogenic centres in the molecule of compound (III) at positions 1 and 6 of the cyclohexenone ring; the reference molecule was selected as one having the R configuration at position 1 and, on this basis, the configuration at position 6 is S. As in compound (II), the centrosymmetric space group confirms that compound (III) crystallizes as a racemic mixture of the (1R,6S) and (1S,6R) forms. Because of the different numbering of the cyclohexenone rings in compounds (II) and (III), consistent with the systematic names of these compounds, together with the specification of R stereochemistry at the lowest stereogenic locant, the reference molecules of (II) and (III) appear to have the opposite configuration at the point of connection to the 4-isopropylphenyl substituent. Compound (III) also exhibits enantiomeric disorder (Fig. 3) , with a fraction of 0.923 (3) of (1R,6S) molecules at the reference site and a fraction of 0.077 (3) of (1S,6R) molecules, i.e. with very much less extensive disorder than that found in compound (II). For the dominant form, the ring-puckering parameters, calculated for the atom sequence C11-C12-C13-C14-C15-C16, are Q = 0.497 (3) Å , = 129.1 (3) and ' = 133.3 (5) , again indicative of an envelope form. Here the fold of the envelope is across the C11Á Á ÁC15 line, so that in each of compounds (II) and (III), the point of the envelope corresponds to the C atom which carries the 4-isopropylphenyl substituent.
Compound (IV) crystallizes with Z 0 = 2 in the space group P1 (Fig. 4) , although there is no disorder in this structure; a detailed comparison of the atomic coordinates for corresponding pairs of atoms in the two independent molecules shows that no additional symmetry is present. It will be convenient to refer to the molecules containing atoms O125 and O225 as molecules of types 1 and 2, respectively. In each of the two independent molecules, there is an O-HÁ Á ÁO hydrogen bond (Table 3) forming an S(6) (Bernstein et al., 1995) motif, and these may account for the fairly small dihedral angles between the carboxylate groups and the adjacent aryl rings, i.e. 7. 90 (16) in molecule 1 and 15.20 (14) in molecule 2. By contrast, in compound (III), where there is no intramolecular O-HÁ Á ÁO hydrogen bond to influence the orientation of the ester group, the dihedral angle between the carboxylate group and the mean plane through atoms C11-C15 is 83.60 (12) (cf. Figs. 3 and 4) . In molecule 1 of compound (IV), the central aryl ring (C121-C126) makes dihedral angles with the two outer rings (C111-C116 and C131-C136) of 28.64 (14) and 71.83 (14) , respectively, with a dihedral angle of 63.13 (14) between the planes of the two outer rings; the corresponding values for molecule 2 are 27.30 (13) , 61.53 (12) and 72.82 (14) Å , respectively, indicating an absence of internal symmetry relating both molecules.
The only direction-specific intermolecular interaction involving the major orientation of compound (I) is a C- The molecular structure of compound (III), showing the atom-labelling scheme and the enantiomeric disorder, where the (1R,6S) and (1S,6R) disorder components have occupancies of 0.923 (3) (solid bonds) and 0.077 (3) (broken bonds). Displacement ellipsoids are drawn at the 30% probability level.
Figure 4
The structures of the two independent molecules of compound (IV), showing the atom-labelling scheme and the intramolecular O-HÁ Á ÁO hydrogen bonds for (a) a type 1 molecule and (b) a type 2 molecule. Displacement ellipsoids are drawn at the 30% probability level.
HÁ Á ÁO contact having a rather small D-HÁ Á ÁA angle (Table 3) ; such a small value of this angle makes it very unlikely that this contact could be regarded as structurally significant (Wood et al., 2009) . There are two C-HÁ Á Á (arene) interactions, both involving the same C-H bond in the minor component and the nonhalogenated rings of both major and minor components, but there is no corresponding interaction involving a C-H bond from the major component. If this C-H bond had been part of a molecule with unit occupancy, the C-HÁ Á Á(arene) interaction would have given rise to a hydrogen-bonded chain running parallel to the [010] direction. However, because these interactions involve only ca one third of the molecules, any such chain will be badly fragmented into two-and threemolecule sections. The only direction-specific intermolecular interactions in the structure of compound (II) are two C-HÁ Á ÁO contacts both having D-HÁ Á ÁA angles below 135 (Table 3 ), so that neither of these is likely to be structurally significant (Wood et al., 2009) .
In the structure of compound (III), inversion-related pairs of the major disorder component are linked by paired C-HÁ Á Á(arene) hydrogen bonds (Table 3) to form cyclic dimers, with the reference dimer lying across ( (Fig. 5) . In addition, the major disorder components of molecules related by the c-glide plane at y = 3 4 are linked by an almost linear C-HÁ Á ÁO hydrogen bond to form a C(7) (Bernstein et al., 1995) chain running parallel to the [001] direction (Fig. 6 ). The C-HÁ Á ÁO hydrogen bond also links the reference dimer centred at ( (100) (Fig. 7) . By contrast to these interactions involving the major disorder component, there is only a single C-HÁ Á ÁO contact involving the minor component ( which has a small D-HÁ Á ÁA angle such that it cannot be regarded as structurally significant.
As noted above, each of the two independent molecules of compound (IV) contains an intramolecular O-HÁ Á ÁO hydrogen bond. In addition, each type of molecule is linked into centrosymmetric dimers, but by different means. The type 1 molecules are linked by inversion-related C-HÁ Á ÁO hydrogen bonds, while the type 2 molecules are linked by inversion-related C-HÁ Á Á(arene) hydrogen bonds, so forming dimers lying across ( It is of interest briefly to note the structures of some related cyclohexenone and terphenyl derivatives (see Scheme 3). Compound (V), prepared using the cycloaddition reaction between (2E)-1,3-bis(4-fluorophenyl)prop-2-en-1-one and methyl 3-oxobutanoate, also crystallizes with Z 0 = 2 as a racemic mixture of the (1R,6S) and (1S,6R) forms, although the stereochemistry of the compound was not mentioned anywhere in the original report (Fun et al., 2010) . Compound (VI), the precursor for compound (IV) reported here, was described (Dutkiewicz et al., 2011) as having a three-dimensional supramolecular structure, built from C-HÁ Á ÁO, C-HÁ Á ÁF and C-HÁ Á Á(arene) hydrogen bonds; however, the C-HÁ Á ÁO contact has a D-HÁ Á ÁA angle of only 130 and so cannot be regarded as structurally significant (Wood et al., 2009) , and it is well established (Howard et al., 1996) that F atoms bonded to C atoms are not effective acceptors of hydrogen bonds. Hence, the supramolecular aggregation in compound (VI) depends solely on the C-HÁ Á Á(arene) interaction which generates isolated centrosymmetric dimers. Whereas compound (VI) crystallizes in the space group P2 1 /n with Z 0 = 1, the two closely related analogues (VII) (Sapnakumari et al., 2013) and (VIII) (Kant et al., 2012) both crystallize in the space group P1 with Z 0 = 2. The unit cells of these two compounds have very similar repeat vectors, but in compound (VII), the inter-cell angles lie in the order > > , while in compound (VIII), the order is > > , equivalent, in effect, to an interchange of the b and c axes. The close similarity between the two structures is not readily recognized because of the different atomic numbering schemes employed, Part of the crystal structure of compound (IV), showing the intramolecular O-HÁ Á ÁO hydrogen bonds and the two different hydrogenbonded dimers formed by the type 1 and type 2 molecules. For the sake of clarity, H atoms bonded to C atoms which are not involved in the motifs shown have been omitted. Atoms marked with an asterisk (*) or a hash (#) are at the symmetry positions (Àx + 1, Ày + 2, Àz) and (Àx + 2, Ày + 1, Àz + 1), respectively.
Figure 7
Part of the crystal structure of compound (III), showing the formation of a hydrogen-bonded sheet lying parallel to (100). For the sake of clarity, the minor disorder component and H atoms not involved in the motifs shown have been omitted. the different choice of origin and the different placing of the two independent molecules within the unit cells; however, when these factors are taken into consideration, the similarities become immediately apparent (Fig. 9) . When a diarylcyclohexenone of type (B) (Scheme 1) is oxidized using iodine in methanol, rather than a quinone as used here for the formation of compound (IV), the resulting terphenyls carry a 5-methoxy substituent instead of the 5-hydroxy substituent observed in (IV), as exemplified by compounds (IX) (Fun et al., 2012) and (X) (Fun et al. 2011 ) (see Scheme 3). Neither of compounds (IX) and (X) contains an intramolecular O-HÁ Á ÁO hydrogen bond and, in each, the carbonyl substituent is approximately orthogonal to the adjacent ring, as found here in (III) but not in (IV). There are no significant directionspecific intermolecular interactions in the structures of (IX) and (X).
Figure 9
Projections of parts of the crystal structures of compounds (VII) and (VIII), showing the two independent molecules within the unit cells for (a) compound (VII) and (b) compound (VIII). For compound (VII), the original atomic coordinates (Sapnakumari et al., 2013) were employed, but for compound (VIII) (Kant et al., 2012) 
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SAINT (Bruker, 2007 ); program(s) used to solve structure: SHELXS97 (Sheldrick, 2008 ); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics: PLATON (Spek, 2009) ; software used to prepare material for publication: SHELXL2014 (Sheldrick, 2015) and PLATON (Spek, 2009 ).
(I) (2E)-1-(2,4-Dichlorophenyl)-3-[4-(prop-1-en-2-yl)phenyl]prop-2-en-1-one
Crystal data H19B-C159-H19C 109.5 H29B-C259-H29C 109.5
86.4 (15) C255-C254-C257-C258 −82 (3) C155-C154-C157-C159 139.1 (11) C253-C254-C257-C259 −38 (3) C153-C154-C157-C159 −41.0 (15) C255-C254-C257-C259 149 (2) sup-15 Extinction correction: SHELXL2014 (Sheldrick, 2015) 
